We have observed a morphological transition in the nucleation and growth of epitaxial Rh(111). The transition occurs near 600 K and is signaled by a change in the shape of the surface features from fingered to compact. The transition appears to be related to a change in the critical nucleation size. On both sides of the transition, there lies a regime of persistent layer-by-layer growth. The general surface features exhibit well-defined length scales and as growth proceeds they increase in size following a power-law dependence on film thickness with a morphology-independent exponent of 0.33 6 0.03. The results suggest a general pathway to the layer-by-layer growth of close-packed metals. [S0031-9007(96) Recent epitaxial growth experiments [1] [2] [3] [4] show the presence of surface features that exhibit characteristic length scales. The observed three-dimensional (3D) features arise from instabilities due to the competition between various diffusion barriers near step edges [5] . These findings suggest that the non-self-affine morphologies may be a common occurrence when surface diffusion is sufficiently large with profound implications for the growth of thin films in this regime. In particular, several models [6, 7] have focused on the power-law evolution of surface feature size with respect to the average film thickness, leading to predictions which our experimental results can address.
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We have observed a morphological transition in the nucleation and growth of epitaxial Rh(111). The transition occurs near 600 K and is signaled by a change in the shape of the surface features from fingered to compact. The transition appears to be related to a change in the critical nucleation size. On both sides of the transition, there lies a regime of persistent layer-by-layer growth. The general surface features exhibit well-defined length scales and as growth proceeds they increase in size following a power-law dependence on film thickness with a morphology-independent exponent of 0.33 6 0.03. The results suggest a general pathway to the layer-by-layer growth of close-packed metals. Recent epitaxial growth experiments [1] [2] [3] [4] show the presence of surface features that exhibit characteristic length scales. The observed three-dimensional (3D) features arise from instabilities due to the competition between various diffusion barriers near step edges [5] . These findings suggest that the non-self-affine morphologies may be a common occurrence when surface diffusion is sufficiently large with profound implications for the growth of thin films in this regime. In particular, several models [6, 7] have focused on the power-law evolution of surface feature size with respect to the average film thickness, leading to predictions which our experimental results can address.
Quantitative experimental data on the thickness dependence are still very sketchy and many important questions are yet to be addressed: How is the evolution of these 3D features related to layer-by-layer growth, what are the effects of "kinks" at step edges, and what role does initial nucleation play? In this Letter we report on the evolution of surface morphology during epitaxial growth of a model system, Rh(111), as a function of temperature, thickness, and growth rate. We show that surface features including those resulting from layer-by-layer growth generally exhibit characteristic dimensions which scale with thickness and temperature, and that a global transformation of the surface morphology accompanied by layer-by-layer growth arises from a change in the critical nucleation size. The results have important general implications for the growth of close-packed metal films.
Our studies were performed in a VG 80M molecular beam epitaxy (MBE) chamber equipped with an in situ scanning tunneling electron microscope (STM) and a real-time reflection high energy electron diffraction (RT-RHEED) imaging system [8] . The growth template for the study consists of a synthetic fluorine mica substrate [9] and a buffer layer of 250 monolayers (ML) Rh. We chose this system for two main reasons. First, as a classic close-packed system, Rh is much less susceptible to contamination and chemical reaction than most metals; and second, it is known [9] that Rh grows well on the fcc (111) face on synthetic mica.
The mica substrates were freshly cleaved before introduction into the MBE chamber, and then degassed at 1200 K. The Rh buffer was subsequently grown at 600 K and then annealed at 1100 K, giving typical terrace lengths of several thousand Å. The Rh was evaporated from an electron-beam hearth with respective rates of 1 and 2 ML͞min for the nucleation and the growth studies. The base pressure of the MBE chamber was maintained at below 10 210 torr. The samples were cooled at 50 K͞min after growth was terminated, and STM images, the frozenin configurations, were then taken at room temperature in constant current mode with a typical current of 1 nA and a bias of 20.1 V. Continuous RHEED observations confirm that there is no change in the surface morphology during cooling.
The strong influence of growth temperature on surface morphology and Rh (111) (3) the height of the features has a minimum near the transition, where we also observe layer-by-layer growth. The presence of a layer-by-layer growth regime between 500 and 700 K is supported by persistent RHEED oscillations. These observations reinforce the view that surface features are generally not self-affine when diffusion is sufficiently high [1] and that the morphology of layer-by-layer growth is a special case simply because the coherent nature of the process predicates well defined length scales.
Quantitative analysis of the STM images reveals that the surfaces exhibit sharp ringlike Fourier components in the growth plane and long-ranged oscillations in the height-height correlation functions as well, thus confirming the presence of non-self-affine features. The temperature dependences of the average height W and separation R of the surface features are shown in Fig. 2 . The broad minimum in mean feature height W [ Fig. 2(a) ] is accompanied by a break in the otherwise monotonically decreasing aspect ratio W͞R as temperature increases [ Fig. 2(b) ], a very distinct signature of the morphological transition. The general decreasing trend of W ͞R indicates the important role played by capillary-induced smoothing due to diffusion [5] , but the fact that the surface area does not decrease monotonically with increasing temperature and that mounds do form both indicate the importance of asymmetric diffusion barriers at step edges [5] . The break of W ͞R, on the other hand, is completely consistent with capillary effects alone at a morphological transition from fingered to compact. One of the key issues in the formation of surface features is the nature of diffusion at step edges. As seen in Fig. 1 , the compact mounds formed above the morphological transition exhibit some reflection symmetry (mounds and craters) not shown by the low temperature fingered features. The asymmetry at low temperature is thought to be associated with the kinetics of step propagation for terraces at the top and at the bottom of the mounds [4] , and, moreover, the morphology transition observed here suggests that the shape of the step edges plays an important role in the kinetics.
It is interesting to point out that the observed layerby-layer growth occurs on both sides of the morphology transition. This indicates that the presence of kinks at the step edges [10, 11] and island spacing [12] are two important factors in producing smooth growth. Just below the transition the presence of kinks modifies the diffusion barriers by introducing wells and barriers along the step edges [10] , thus facilitating the layerby-layer growth. In this regime our experiments show that increasing the growth rate will increase the chance for nucleation and induce rougher growth. Above the transition the compact mounds become smaller and closer as temperature decreases [ Fig. 2(b) ], and when they reach a critical size [12] (in this case ϳ100 Å separation) layerby-layer growth occurs. In this regime, on the other hand, our experiments reveal that increasing the growth rate reduces island spacing and promotes the likelihood of producing layer-by-layer growth at higher temperatures. However, the origin of the observed large critical size is unclear.
What ultimately triggers the transition? The strong dependence of diffusion barriers on the local geometries, particularly those along as well as across the step edges, suggests that the answer lies in the nucleation process [11, 13] . We have carried out a detailed investigation of the initial nucleation at the submonolayer level, and the results reveal that the critical cluster size also exhibits a transition near 600 K. Figure 3 shows the island density as a function of temperature and island size distribution for a Rh submonolayer coverage of 0.1 ML. The change of slope in the island density N shown in Fig. 3(a) indicates a change in the activation energy [14, 15] , separating the diffusion process into two branches. In addition, the island size distribution exhibits two different scaling functions [15] [16] [17] [18] [19] , as shown in Figs. 3(b) and 3(c). In the low coverage limit with isotropic diffusion, the island density N is given by [20] 
where E d is the activation energy for diffusion, and E i is the binding energy for the critical cluster size i, above which clusters form stable islands; e.g., i 1 corresponds to stable dimers, etc. Models based on critical cluster size predict that for each i there is a unique distribution function [16] [17] [18] [19] . Scaling functions shown in Figs and 3(c) yield the critical cluster size of i 1 below 600 K and i 2 above [16] [17] [18] [19] . From Eq. (1) this leads to E d 0.18 6 0.06 eV and E 2 0.6 6 0.4 eV. Note that these are average activation energies for a nearly isotropic (111) surface. The measured "one-bond" energy is comparable to the reported experimental estimate of 0.5 6 0.5 eV for Fe(100) [15] as well as the Monte Carlo and rate equation estimates of 0.6 6 0.1 and 0.7 eV, respectively [16, 18] . The measured E d also is comparable to a previously published value for Rh(111) of 0.15 6 0.02 eV [21] .
While the diffusion along step edges is clearly a crucial factor in determining the final morphology of the system [13] , it is the initial "seed" clusters that set up the edge-diffusion process. In the stable dimer regime (i 1 case), the presence of thickened fingers [ Fig. 1(c) ] indicates some edge diffusion. However, in the regime of stable trimers (i 2 case) additional processes become available, including one-bond detachment (unstable dimers) which can trigger more edge diffusion. This can lead to the formation of compact islands in the i 2 regime. A similar transition is predicted for a square lattice even without edge diffusion [16, 19] . Therefore the observed change in critical cluster size is evidently large enough to give rise to the observed global morphological transition accompanied by layer-by-layer growth. We have also observed a similar transition during the annealing of films deposited at temperatures below 600 K [22] .
Finally we examine the evolution of mounds as a function of film thickness at temperatures above and below the morphological transition. Figure 4 illustrates the process at 725 K. The initial growth is layer-by-layer accompanied by RHEED oscillations. After the initial several monolayers the aspect ratio of the surface features rapidly increases, within a couple of monolayers, to a stable value (the so-called "magic slope" [1] [2] [3] [4] ) [ Fig. 4(d) ]. The separation, however, evolves smoothly and continuously from the initial nucleation at the submonolayer level, as shown in Fig. 4(e) , similar in appearance to those reported in Fe(001) [4] . As growth proceeds, the surface features maintain their shape but increase in size, so they both scale and coarsen, as demonstrated in Figs. 4(a)-4(c) . The coarsening process follows a power-law dependence on film thickness t with an exponent of 0.33 6 0.03 [ Fig. 4(e) ]. This exponent is not predicted by existing models, and it may have implications for the underlying physics of the asymmetric diffusion barrier. For growth temperatures above and below the morphological transition the coarsening exhibits the same exponent. The fact that the same exponent is obtained for growth within regimes where the strength and spatial extent of the asymmetric step-edge barriers are different indicates that the exponent is independent of the size and shape of the barrier.
A splitting of RHEED streaks occurs for growth below 350 K, which corresponds to the characteristic separation of the mounds [4, 14] . This gives a second independent measure of the separation in addition to STM images. It is interesting to point out that the rounded triangular shape of the mounds shown in Figs. 4(a)-4(c) reflects the threefold fcc symmetry, indicating the absence of stacking faults; in fact, we do see hexagonal features when impurities are present.
In summary, we have studied the nucleation and growth of epitaxial Rh(111) using STM and RT-RHEED. The Rh surface exhibits a morphological transition near 600 K, about 1͞4 of the Rh melting temperature, where surface features change from fingered to compact. This is accompanied by a minimum in surface roughness and by persistent layer-by-layer growth. Detailed studies of the nucleation statistics indicate that a transition in critical cluster size from one to two atoms can trigger a morphological transition by influencing local geometry. A second characteristic feature is the presence of mounds that exhibit well defined shapes and sizes. Both compact and fingered mounds maintain their shape but increase in size as growth proceeds following a power-law dependence on film thickness with a universal exponent of 1͞3. While the presence of kinks along the step edges modifies the diffusion barrier, it does not alter the nature of the coarsening process, and the observed exponent seems to be independent of the size and shape of the step-edge barrier. Our results reveal that the occurrence of a global morphological transition during MBE growth can lead to layer-by-layer growth on both sides of the transition, a special regime in the evolution of non-self-affine surface morphologies. Our findings for epitaxial Rh should be generally applicable to other epitaxial systems, particularly metallic (111) surfaces. In a wider context, the appearance of global morphological transitions triggered by local symmetry breaking raises several interesting questions for atomistic growth models.
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